Mammalian α-defensins contribute to innate immunity by exerting antimicrobial activity against various pathogens. To perform structural and functional analysis of α-defensins, large amounts of α-defensins are essential. Although many expression systems for the production of recombinant α-defensins have been developed, attempts to obtain large amounts of α-defensins have been only moderately successful. Therefore, in this study, we applied a previously developed aggregation-prone protein coexpression method for the production of mouse α-defensin cryptdin-4 (Crp4) in order to enhance the formation of inclusion bodies in E. coli expression system. By using this method, we succeeded in obtaining a large amount of Crp4 in the form of inclusion bodies.
Introduction
Cationic antimicrobial peptides produced by animal cells represent the first line of defense against invasion by pathogens [1] . Defensins and cathelicidins are the two major classes of mammalian antimicrobial peptides [2] . Previous studies have shown that defensins are microbicidal against Gram-positive and Gram-negative bacteria, yeast, fungi, spirochetes, protozoa, and enveloped viruses [3, 4] . Moreover, some defensins are known to act as chemokines that activate the adaptive immune response [2] [3] [4] [5] . The mammalian defensins are characterized by six cysteine residues forming three intramolecular disulfide bridges, and are divided into two subfamilies, α-and β-defensins, based on the amino acid sequence similarities and the linkages of the disulfide bonds [3] [4] [5] .
The α-defensins are cationic, amphipathic 3-4 kDa peptides [5] . They were first . This characteristic pattern of disulfide bridges is considered to be crucial for maintenance of the three-dimensional structure and proteolytic stability of these peptides [5] . Moreover, α-defensins have conserved biochemical features including a canonical Arg-Glu salt 5 bridge, a conserved Gly residue at Cys III＋8 , and high content of Arg relative to that of Lys.
The mouse Paneth cell α-defensins, termed cryptdins (Crps), are secreted into the lumen of the small intestinal crypts in response to exposure to bacteria or bacterial antigens [6] . Among the known isoforms, cryptdin-4 (Crp4) has the most potent antimicrobial activity [7] . Furthermore, the primary structure of Crp4 uniquely lacks three amino acids residues between the fourth and fifth cysteine residues [7] . Because
Crp4 has these features that distinguish it from other Crps, Crp4 has been studied most intensively. The solution structure of Crp4 has been determined by NMR spectroscopy [8, 9] . Moreover, until now, cysteine-deleted mutants [10, 11] , salt bridge-deficient mutants [9, 12] , positive-to-negative charge-reversal mutants [13] and an Arg-to-Lys mutant of Crp4 [14, 15] have been studied to elucidate the role of the conserved biochemical features of α-defensins. In previous studies, the wild-type and mutants of Crp4 were prepared using the Escherichia coli expression system [8] [9] [10] [11] [12] [13] [14] [15] . In this expression system, the recombinant wild-type and Crp4 mutants are expressed in E. coli as N-terminally linked, 6-histidine-tagged fusion peptides.
Large quantities of correctly folded α-defensin are essential to study the structure and antimicrobial activity of α-defensin. In general, it is difficult to obtain large amounts of 6 α-defensins from natural sources due to their low concentration in these materials.
Although chemically synthesized α-defensins were widely used in some previous studies [16] [17] [18] [19] , the chemical synthesis of α-defensin is very costly. Therefore, many strategies have been developed to produce α-defensin using recombinant techniques [20] [21] [22] [23] [24] [25] . Because E. coli is easy to handle, is inexpensive, and grows quite fast, E. coli is the most widely used host strain for the overproduction of α-defensin [20] [21] [22] [23] . However, the recombinant production of α-defensins using E. coli has been difficult due to their toxicity and proteolytic susceptibility.
To prevent their degradation, α-defensins are usually expressed as fusion proteins in E.
coli cells [20] [21] [22] [23] . The attachment of soluble protein to α-defensins has been adopted to prevent degradation and promote proper folding [22] . However, the soluble expression of antimicrobial peptides such as α-defensins may cause damage to the host cells by disrupting their cell membranes. Moreover, in fusion protein systems, enzymatic or chemical cleavage is necessary to remove fusion protein tags [20] [21] [22] [23] . Enzymatic cleavage often causes unfavorable degradation of recombinant peptides, because widely used proteases, such as enterokinase and factor Xa, often show non-specific cleavages at unexpected sites [26, 27] . Furthermore, many peptides often contain potential cleavage sites cleaved by chemicals. For instance, CNBr is commonly used to cleave peptide 7 bonds C-terminal to methionine residues in proteins and peptides [28] . However, because many α-defensins contain methionine in their amino acid sequences, CNBr cannot be used to separate such α-defensins from fusion proteins.
On the other hand, the formation of inclusion bodies may also be useful to avoid proteolytic degradation of α-defensins. However, it is difficult to control inclusion body formation in E. coli cells. As another way to produce fusion expression, utilization of insoluble protein tags has also been reported [20, 23] . While this method prevents both degradation and toxicity, it does not readily allow the use of enzymatic cleavage due to the insolubility of the fusion protein, and thus chemical cleavage is the only practical method for cleavage. Moreover, when α-defensins are expressed in an insoluble form, they must be refolded in order to finally yield a correctly folded peptide. Thus, these cleavage and refolding steps are the drawbacks of this method.
Therefore, we here applied the coexpression method [29] to produce mouse α-defensin Crp4 in order to enhance the inclusion body formation. By using this method, it was expected that coexpression of the aggregation-prone protein (partner protein) would enhance inclusion body formation by the peptide of interest (target peptide) while simultaneously protecting the target peptide from proteolytic degradation by protease.
Moreover, we attempted to refold Crp4 directly during the inclusion-body solubilization 8 step under oxidative conditions. Interestingly, even without any purification, Crp4 was efficiently refolded in the solubilization step, and the yield was better than that by the conventional refolding method.
Materials and methods

Bacterial strains
E. coli DH5α was used as a host strain for cloning and for preparing template plasmids.
E. coli BL21 (DE3) was used as an expression host.
Construction of a vector coexpressing Crp4 and a partner protein
The Crp4 gene (GenBank accession no. NM010039) fragment was amplified by PCR with a set of primers using the cDNA-containing vector as template (Table І) . This product was ligated to the pCOLADuet1 vector (Novagen) by using NdeІ-XhoІ sites ( Fig. 1) , and the resulting vector was designated pCOLA-Crp4. In this study, we selected two aggregation-prone proteins, human α-lactalbumin (HLA; GenBank accession no. NM002289) and Cys-less human α-lactalbumin (Cys-less HLA), as partner proteins. Oxidative folding of chemically synthesized Crp4
Crp4 synthesized by Fmoc chemistry (Sigma-Aldrich Japan) was dissolved at 2 mg/ml in 50 mM Gly-NaOH buffer (pH 9.0) containing various concentrations of urea (0, 2, 4, TritonX-100 and washed once with lysis buffer (without TritonX-100).
Conventional refolding method with a reducing step
The procedure of the conventional refolding method is described in Figure 2 . The washed inclusion bodies were solubilized in solubilization buffer (6 M urea, 50 mM
Gly-NaOH, 3 mM EDTA, 200 mM β-mercaptoethanol, pH 9.0) to prepare completely reduced, unfolded Crp4. After centrifugation at 7,500 rpm at 4°C for 30 min, the clarified supernatant was loaded onto a HiTrap SP HP cation-exchange column (GE Healthcare) pre-equilibrated with equilibration buffer (6 M urea, 50 mM Gly-NaOH, 3 mM EDTA, 20 mM β-mercaptoethanol, pH 9.0). The bound Crp4 was eluted with a linear gradient of equilibration buffer with 0-1 M NaCl. The fractions containing Crp4
were identified using Tricine-SDS PAGE. These fractions were collected and dialyzed twice against refolding buffer (50 mM Gly-NaOH, 3 mM reduced glutathione, 0.3 mM oxidized glutathione, pH 9.0) for 12 h at 4°C. Next, the sample was dialyzed twice against 0.1% acetic acid for 12 h at 4°C. Correctly folded Crp4 was purified by RP-HPLC on a Cosmosil 5C18-AR-300 column (Nacalai Tesque). The elution was carried out with a linear gradient of 20-40% acetonitrile with 0.1% trifluoracetic acid.
The yield of Crp4 was determined by measuring the absorbance at 280 nm. The purified recombinant Crp4 was lyophilized and stored at -30°C.
Direct refolding method without a reducing step
An experimental flowchart for the new method is shown in Figure 2 . The washed inclusion bodies were solubilized in solubilization buffer without reducing agent (6 M urea, 50 mM Gly-NaOH, 3 mM EDTA, pH 9.0) and incubated for 12 h at 37°C in a shaker incubator to enhance oxidative folding of Crp4. After centrifugation at 7,500 rpm at 4°C for 30 min, the clarified supernatant was loaded onto a HiTrap SP HP cation-exchange column (GE Healthcare) pre-equilibrated with equilibration buffer (6 M urea, 50 mM Gly-NaOH, 3 mM EDTA, pH 9.0). The bound Crp4 was eluted with a linear gradient of equilibration buffer with 0-1 M NaCl. The fractions containing Crp4
were identified using Tricine-SDS PAGE. These fractions were collected and dialyzed twice against 0.1% acetic acid for 12 h at 4°C. The HPLC purification was performed using the same method as described above.
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Acid-urea polyacrylamide gel electrophoresis analysis Acid-urea polyacrylamide gel electrophoresis (AU-PAGE) was performed basically according to the previously described method [30] . Prior to loading on a gel, an aliquot from each purification step was diluted in 3 × AU-PAGE sample buffer (9 M urea, 5% acetic acid, methyl green). For the analysis of Crp4 in inclusion bodies, inclusion bodies isolated from E. coli were directly solubilized into 3 × AU-PAGE sample buffer and then diluted in 5% acetic acid to prevent the formation of disulfide bonds of Crp4 during inclusion body solubilization. These samples were electrophoresed on 12.5% acrylamide gel containing 5% acetic acid and 5 M urea at 150 V. After electrophoresis, the gel was stained with Coomassie blue.
Bactericidal peptide assay of Crp4
Refolded Crp4 was tested for microbicidal activity against E. coli ML35 and Listeria monocytogenes (L. monocytogenes). The bacteria were cultured in the following media:
E. coli ML35, tryptic soy broth; L. monocytogenes, brain heart infusion (BHI). Bacteria growing exponentially at 37°C were deposited by centrifugation at 9,300 g at 4°C for 5 min. Next, the bacteria were washed in 10 mM sodium phosphate buffer (pH 7.4)
supplemented with a 0.01 volume of the culture medium and resuspended in the same 14 buffer. The bacteria (~5×10 6 CFU/ml) were then incubated with recombinant Crp4 in 50
μl for 1 h in a shaker incubator at 37°C, and the surviving bacteria were counted as CFU/ml after overnight growth on tryptic soy agar plates for E. coli ML35 and BHI agar plates for L. monocytogenes.
NMR spectroscopy
Recombinant Crp4 refolded during inclusion body solubilization was dissolved in a mixture of 90% H 2 O/10% D 2 O and adjusted to pH 4.2 by the addition of minute amounts of HCl or NaOH. NMR experiments were performed on a Bruker Avance III HD 600 MHz spectrometer. The HSQC spectrum was collected at 30°C. The data were processed processed using NMRPipe 4.1 [31] and analyzed using Sparky 3.113 software [32] .
Results
Effect of coexpression of HLA and Cys-less HLA on the Crp4 expression level
To avoid enzymatic and chemical cleavage of fusion proteins, we tried to directly produce Crp4 in E. coli as an inclusion body. However, the expression level of Crp4 was extremely low (Fig. 3) . Therefore, to enhance the inclusion body formation by Crp4, 15 we applied the coexpression method.
In a previous study, we experimentally demonstrated that the inclusion body formation of a cationic antimicrobial peptide was enhanced by coexpression with an anionic aggregation-prone partner protein [29] . Therefore, we chose an anionic partner protein, HLA, as a coexpression partner. The results showed that the expression of Crp4 was moderately increased by the coexpression of Crp4 and HLA.
Moreover, in this study, we evaluated the effect of Cys residues of HLA on the inclusion body formation of Crp4 by using Cys-less HLA, in which all eight Cys residues were converted to Ser residues. The expression of Crp4 was markedly increased as an inclusion body by coexpression of Cys-less HLA (Fig. 3) . Because the expression level of Crp4 was most increased by coexpression of Cys-less HLA, we selected Cys-less HLA as a partner protein for the large-scale production of Crp4.
Oxidative folding of chemically synthesized Crp4
To obtain a large amount of correctly folded Crp4, it is important to determine the best condition for refolding of Crp4. It has been reported that human α-defensins folded efficiently in the presence of a proper quantity of denaturant [33] . Therefore, we examined the folding behavior of chemically synthesized Crp4 under denaturing conditions. Moreover, we evaluated the effect of the concentration of urea on the refolding yield of Crp4. As shown in Figure 4 , the optimal concentration of urea is 2 M, yielding a 35.4% recovery after 12 h at room temperature. Similarly, in the presence of 4 M urea, the refolding yield after 12 h was 34.0%. As the concentration of urea increased from 4 M to 8 M, the refolding yield gradually declined. Also under non-denaturing conditions, Crp4 folded correctly, although at a ,much slower rate. No aggregation of Crp4 was observed under any of the experimental conditions employed.
Purification and refolding of Crp4 by using a conventional refolding method with a reducing step Because Crp4 has a charge that is opposite that of Cys-less HLA, we succeeded in separating Crp4 from Cys-less HLA efficiently by a simple one-step cation-exchange chromatography without enzymatic or chemical cleavage (Fig. 5a ). After cation-exchange chromatography, we obtained 12 mg of reduced recombinant Crp4.
Then, this crude Crp4 was refolded by a simple standard dialysis refolding protocol (Fig.   2 ). From the results of refolding analysis using chemically synthesized Crp4, we refolded Crp4 in the presence of 2 M urea. After the refolding and purification procedure, we obtained 2.0 mg of correctly folded Crp4 from 1 L of culture. Although we succeeded in obtaining milligram quantities of correctly folded Crp4 by using a conventional method with a reducing agent, a large amount of Crp4 precipitate was observed after the refolding process.
Purification and refolding of Crp4 using the new method without a reducing step
To enhance the refolding yield of Crp4 and avoid the cumbersome refolding step, we attempted to refold Crp4 directly during inclusion body solubilization. Because we expected that the omission of reducing agent from the solubilization buffer would lead to the disulfide bridge formation of Crp4, we attempted to solubilize inclusion bodies of Crp4 in the solubilization buffer without reducing agent. Although we demonstrated that chemically synthesized Crp4 could be folded efficiently in the presence of 2-4 M urea, the inclusion body was not solubilized in 2-4 M urea (data not shown). Therefore, the inclusion body was solubilized in solubilization buffer containing 6 M urea. Refolding of Crp4 during inclusion body solubilization was examined by AU-PAGE analysis.
Because small cationic peptides are separated on the basis of both the molecular size and charge, AU-PAGE is a suitable method for evaluating the homogeneity and formation of native structure of defensins. In the case that the isolated inclusion body was directly solubilized in acidic AU PAGE buffer (approximately pH 3), the mobility of Crp4 was equal to that of reduced chemically synthesized Crp4, suggesting that no disulfide bridges were formed (Fig 5b) . In contrast, the mobility of Crp4 after 12 h solubilization using solubilization buffer (pH 9.0) without reducing agent was clearly different from that of reduced Crp4. Moreover, the mobility of Crp4 was not changed during the following purification step. These results indicated that the disulfide bridge formation of Crp4 did not occur in E. coli cells but was completed during inclusion body solubilization without a reducing agent. Aggregation of Crp4 was not confirmed after the refolding process. After HPLC purification, we obtained 4.6 mg of correctly folded Crp4 from 1 L of culture.
Antimicrobial activity of recombinant Crp4
The microbicidal activity of refolded Crp4 was examined by colony count assay (Fig.   6 ). The purified Crp4 was active against both E. coli ML35 and L. monocytogenes.
Moreover, the Gram-negative bacterium (E. coli ML35) was more sensitive than the Gram-positive bacterium (L. monocytogenes). These results were in accordance with the findings reported previously [10] .
TOCSY and HSQC spectrum of Crp4
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To confirm that the Crp4 refolded by new refolding method had the correct structure, the TOCSY and HSQC spectra of Crp4 were obtained. The fingerprint region of the TOCSY spectrum is presented in Figure 7 . We confirmed that the chemical shift of the side chain amide proton of Arg7 was shifted markedly downfield. Such a shift was also reported in the previous study [8] . Moreover, the spectrum was quite similar to that observed in the previous study. These results indicate that the Crp4 refolded during inclusion body solubilization had the correct structure. In addition, we could easily prepare isotopically labeled Crp4 due to the good expression efficiency. The HSQC spectrum of 15 N-labeled Crp4 is presented in Figure 8 . The well-dispersed peaks in HSQC also indicate that Crp4 was correctly folded. Sequential specific 1 H and 15 N resonance assignments were also determined without any ambiguity.
Discussion
In this study, we chose a mouse α-defensin, Crp4, as the target peptide. To avoid enzymatic or chemical cleavage of the fusion protein, we at first tried to express Crp4 directly in E. coli. Unfortunately, the direct expression of Crp4 in E. coli was insufficient, probably due to the instability of the expressed cellular Crp4 itself (Fig. 3) .
We speculated that this low-level expression of Crp4 was caused by the degradation of expressed Crp4 by proteases of E. coli. Therefore, we decided to apply a previously developed method [29] , which enhances the inclusion body formation of the target peptide by coexpression of aggregation-prone protein as a partner protein, for overexpression of Crp4.
In our previous study, we examined the effect of the charge of the partner protein on the inclusion body formation by the target peptide via this method and concluded that the opposite charge of the partner protein efficiently enhanced the formation of an inclusion body of the target peptide [29] . In this study, because Crp4 is a cationic antimicrobial peptide (pI 9.9), we selected anionic HLA (pI 4.7) as a candidate for the coexpression partner protein for overexpression of Crp4. To further elucidate the mechanism of inclusion body formation by the target peptide via this method, we evaluated the effect of Cys residues of the partner protein on the inclusion body formation by the target peptide using Cys-less HLA.
Similarly to HLA, Cys-less HLA formed a large amount of inclusion bodies when overexpressed in E. coli (Fig. 3a) . This result was consistent with earlier findings that a mutant of HLA, in which all eight Cys residues are substituted to Ala residues, forms inclusion bodies in E. coli [34] , although in our study the Cys residues of HLA were mutated to Ser residues. From these results, it can be said that the Cys mutations of
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HLA did not affect the propensity to form inclusion bodies in E. coli. Interestingly, while coexpression of HLA modestly enhanced the expression level of Crp4, Crp4 was produced effectively as an inclusion body in the case of coexpression with Cys-less HLA. In this study, we could not clarify why Cys-less HLA induced a greater increase in the expression level of Crp4 than HLA.
To enhance the refolding yield of Crp4, we focused on previous studies which showed that proteins in inclusion bodies have a native-like secondary structure, and the restoration of this native-like structure using mild solubilization conditions promotes refolding of the proteins [35] . Unfortunately, in the present study the inclusion bodies that mainly contained Crp4 and Cys-less HLA were not solubilized under a mild condition (2-4 M urea). However, we were able to confirm that chemically synthesized
Crp4 was also refolded even in the presence of a high concentration of urea (6-8 M urea) . Therefore, we expected that the refolding of Crp4 without a complete denaturing step would enhance the refolding yield of Crp4. We therefore tried to apply our present method to induce Crp4 to form disulfide bridges during the solubilization of inclusion bodies (Fig. 2) . In this method, to facilitate disulfide bridge formation of Crp4 during inclusion body solubilization, we removed the reducing agent from the inclusion body solubilization buffer. As a result, we succeeded in the refolding of Crp4 during inclusion In order to avoid the degradation of recombinant proteins and peptides by host-derived proteases in and after the refolding step, partially purified proteins and peptides are generally used as starting materials for the in vitro refolding of inclusion body. In this study, we confirmed that Crp4 has the ability to refold efficiently in the presence of a proper concentration of urea (Fig. 4) . Under these conditions, host-derived proteases are thought to be denatured. This may be the reason why the yield of correctly folded Crp4 obtained by the direct refolding method was high even without partial purification.
Unlike in the conventional fusion protein system, there is no need to remove the fusion protein tag by enzymatic or chemical methods in our coexpression method. Therefore, our coexpression system can be applied to the production of any α-defensin. In future 23 studies, we plan to use this method to produce α-defensins that are difficult to synthesize by conventional fusion protein methods.
Conclusion
In this study, we demonstrated that the expression of Crp4 was enhanced by coexpression of an anionic partner protein. By using a Cys-less coexpression partner protein, we succeeded in direct refolding of Crp4 during inclusion body solubilization while eliminating the cumbersome and time-consuming refolding step. After HPLC purification, we obtained milligram quantities of correctly folded Crp4. Table   Table І 
